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(57) ABSTRACT

A computer implemented method for determining reservoir
pressure in a shut-in well, the method comprising: determin-
ing the initial physical characteristics of the well; determining
properties of gas bubble throughout the well; calculating a
dynamic mass transfer rate for the gas bubble over a period of
time; calculating the physical fluid movement along the well:
calculating a rate of fluid influx from the reservoir; determin-
ing a corrected pressure gradient along at least part, or all, of
the profile of the well using the determined dynamic mass
transfer rate, fluid movement and rate of fluid influx; and
determining the reservoir pressure from a measure, or deter-
mination, of the well head pressure and the calculated pres-

sure.

21 Claims, 7 Drawing Sheets
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Figure 2
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FIGURE 4a
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FIGURE 4b
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ENHANCED DYNAMIC WELL MODEL FOR
RESERVOIR PRESSURE DETERMINATION

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit and priority to and is a
U.S. National Phase Application of PCT International Appli-
cation Number PCT/MY2010/000280, filed on Nov. 15,
2010, designating the United States of America and published
in the English language, which is an International Application
of and claims the benefit of priority to Malaysian Patent
Application No. PI 20094877, filed on Nov. 17, 2009. The
disclosures of the above-referenced applications are hereby
expressly incorporated by reference in their entireties.

FIELD OF INVENTION

The invention relates to the modeling of physical condi-
tions during shut-in of an oil well, in order to improve bottom-
hole data determination, especially the bottom-hole reservoir
pressure.

BACKGROUND TO THE INVENTION

In the field of oil drilling and excavation, the bottom-hole
refers to the base of the well. Accurate bottom-hole data is
important to manage the reservoir and to ensure that a well is
enabled to deliver more oil. Additionally, accurate bottom-
hole data can be used to increase the efficiencies in production
planning and recovery. Therefore, it is desirable to be able to
obtain accurate bottom-hole data as decisions on the produc-
tivity of a well are made using such data.

Phase redistribution is observed in oil and gas wells during
shut-in, where the oil and gas separate in the wellbore. An
example of the physical characteristics of a well in steady-
state and shut-in are shown in FIG. 6. The accuracy of pres-
sure change calculation during shut-in depends on how accu-
rately the gas and oil mixture gradient are modeled. A
parameter of the fluid mixture gradient is the distribution of
gas and liquid phases in the wellbore.

If a good dynamic well model can be built to describe the
complex mechanisms occurring during the transient well
shut-in period from the semi steady-state well flowing period,
some key well parameters can be obtained with more cer-
tainty. These parameters would include the reservoir pres-
sure, well productivity index and skin, giving the operator
great economic benefits.

However, the acquisition of bottom-hole data can be diffi-
cult and expensive. It is known to obtain bottom-hole data
from permanent downhole gauges or through well interven-
tion measurement. However, permanent downhole gauges are
often expensive and unreliable whereas well intervention
measurements are by their very nature are intrusive. Further-
more, the use of well intervention measurements often leads
to well downtime to remove the often stuck instruments
inside the well, or in a process known as “fishing”.

It is also known to use PVT (pressure, volume, tempera-
ture) modeling, along with surface data, in order to provide an
estimate of the conditions within the well. However, such
models are known to be of limited accuracy. In particular they
are unable to model the phase transitions in wells accurately
as they assume an instantaneous phase transition between gas
and oil.

In a shut-in well, one which has closed off, unlike a pro-
ducing steady-state well, phase distribution is known to
occur, where the gas and oil separate. By accurately modeling
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2

the transition, accurate values of key parameters such as
reservoir pressure may be obtained. However, unlike during
the steady-state of the well, the contents are undergoing a
phase transition making the modeling considerably more
complex.

During the 11? European Conference on the Mathematics
of oil recovery, September 2008, a paper was presented by
Hon Vai Yee et al., outlining a workflow for subsurface data
determination. The present invention discloses improvements
to the workflow in order to model more accurately the bot-
tom-hole reservoir pressure.

Therefore, it is an object of the invention to provide a
non-evasive method of determining the physical parameters
within a shut-in well, in particular the determination of the
bottom-hole reservoir pressure.

In order to mitigate at least some of the above problems,
there is provided a computer implemented method according
to claim 1.

Further aims and aspects of the invention will be apparent
from the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

An embodiment of the invention is now described, by way
of'example only, with reference to the accompanying drawing
in which:

FIG. 11is a flow diagram of the overall process of determin-
ing the reservoir pressure;

FIG. 2 is a schematic of the well;

FIG. 3 is a flow diagram of the process to determine the
mass transfer rate;

FIGS. 4a and 4b shows Tables 1a and 1b determining the
MBH pressure;

FIG. 5 is a schematic of the apparatus used in bottom-hole
modeling; and

FIG. 6 is a depth versus pressure diagram of a well in
steady-state and shut-in.

DETAILED DESCRIPTION OF AN
EMBODIMENT

In order to obtain accurate bottom-hole modeling data,
without the use of downhole instrumentation, the applicants
have beneficially realised that such data may be obtained by
producing an accurate model of the transient well behaviour
from steady-state to shut-in. This allows for an accurate deter-
mination of the physical characteristics, in particular the res-
ervoir pressure to be made. Furthermore, the accuracy of
these models can be easily verified by comparing the values
of, say, pressure at the top of the wellbore with the actual
measured value.

The following description relates to the methods used in
the implementation of a computer program to model the well
and bottom-hole behaviour during phase distribution in a
shut-in well. The skilled man will realise that the implemen-
tation of such methods may be achieved using known numeri-
cal simulation techniques and mathematical libraries.

FIG. 1 is a flow diagram of the overall process of calculat-
ing the reservoir pressure from a shut-in well. There is shown
the steps of determining: the steady-state well flowing con-
ditions at step S102; the PVT relationships of the well at step
S104; the gas bubble rise velocity at step S106; the gas bubble
size at step S108; the pressure build-up at step S110; assum-
ing a first pressure gradient P, at step S112; the mass transfer
rate at step S114; the gas volume rising distribution at step
S116; the reservoir fluid influx at step S118; a pressure gra-
dient at S120; checking the convergence between S112 and
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S120 at step S122; checking if the an equilibrium condition
has been met which the time step has been completed at step
S124 and determining the reservoir pressure at step S126.

When a well is open, it will be in a steady-state. The
behaviour of an oil well in steady-state is well understood (see
for example Orkiszemski 1967). At step S102 the fluid
parameters in the steady-state are determined using known
numerical calculations. This data is important as it forms the
initial conditions of the data required to accurately model the
well during shut-in.

Before shut-in, it is assumed that the fluid flow in the
wellbore is at steady-state condition. A steady-state calcula-
tion is completed to gather the fluid parameters describing
their properties required for the shut-in calculation.

In a steady-state, the fluid flowing in a wellbore will expe-
rience pressure losses. The pressure losses, dp/dl, can be
broken into three different components namely 1) hydrostatic
pressure loss, (dp/dl)hyd, 2) kinetic pressure loss, (dp/dl)acc,
and 3) frictional pressure loss, (dp/dD)f.

(2, (%), %)
ar ~\at )y, \at),.“at);

In a wellbore, the kinetic losses are generally minimal and
can be ignored. The frictional losses are due to a combination
of the particular flow regime that the fluid can be considered
to be travelling in as well as the composition of the fluid. The
hydrostatic pressure losses are a function of the fluid mixture
density that exists in the wellbore. The hydrostatic pressure
difference is the component of pressure loss attributed to the
Earth’s gravitational effect. In the hydrostatic pressure loss
equation, it is important to obtain an appropriate value for
wellbore’s liquid density. For multi-phase flow, this hydro-
static pressure is calculated from the in-situ mixture density,
which depends on the liquid hold-up. The liquid hold-up is
obtained from multi-phase flow correlations, and it is depen-
dant on the gas and liquid rates, pipe diameter, etc. Once the
liquid hold-up is determined, the gas volume in the cell can be
calculated.

It is important that properly tuned PVT data and a suitably
tuned vertical lift correlation are used for the steady-state
calculation. The model determines the amounts of free gas,
oil and water in the tubing. These masses are preferably used
in all further calculations unless otherwise specified by say an
engineer. For example, the engineer may want to change these
quantities for instance in the case where gas is bled off at the
wellhead and further fluid influx from the well is instigated.

The key steady-state flowing data that will be used as the
input parameters for the shut-in calculation are:

1. Well depth (bottom measured depth and true vertical

depth), ft
. Cell length (bottom measured depth), tt
. Pressure, psig
. Temperature, ° F.
. Gas-oil interfacial tension, dyne/cm
. Gas and liquid viscosities, cp
. Gas and liquid hold-up, fraction
. Gas and liquid densities, 1b/fi®

9. Tubing diameter, inch

10. Well angle from vertical, ©

Once the steady-state parameters have been obtained, the
calculation of the shut-in well behaviour can be performed.
The process is a multi-step process where the steps are pref-
erably performed sequentially, the steps are:

O~ ON BN
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. PVT calculation module

. Gas bubble rise velocity calculation module
. Gas bubble size calculation module

. Pressure build-up calculation module

. Mass transfer rate calculation module

. Gas volume rising calculation module

. Reservoir fluid influx calculation module

The applicant has also realised that in order to improve the
accuracy of the calculations, the well is preferably discretised
into n cells. A schematic example of a discretised well is
shown in FIG. 2. The skilled man will understand the choice
of'the number of n cells will affect the accuracy of the calcu-
lations as well as the time required to run the simulations.

At step S104 the PVT calculations for the oil and gas are
made. The key PVT properties of the fluids such as solution
gas, formation volume factors, fluids’ volumes and densities
are calculated in each n cell.

For solution gas calculation, empirical correlations by
Standing, Glasso, Marhoun and Vasquez-Beggs are widely
used. In a preferred embodiment the correlation by Standing
is used:

Solution gas, Rs, scf/stb

~ N BN =

RS = SGPG[(£)100_0123 APl—o.oooglr]l-ZOS o
13

where SGPG is the gas specific gravity of produced gas, P is
the reservoir pressure, psig, API is the oil gravity, © and T is
the reservoir temperature, ° F.

Correlations known in the art such as those by Standing,
Glasso, Lasater, Petrosky-Farshad and Macary are used for
the oil formation volume factor calculation. In a preferred
embodiment the correlation by Standing is used:

Oil formation volume factor, Bo, rb/stb

Rsi *83 3)
PB = 18[—] % 10°
SGPG
a=0.00091(T) - 0.0123API @

where PB is the reservoir bubble point pressure, psi, Rsi is the
initial solution gas, scf/stb, SGPG is the gas specific gravity of
produced gas, T is the reservoir temperature, ® F. and API is
the oil gravity, °.

If P>=PB, Bo @ PB:

1.175

SGPG\3 ®)
BOB = 0.972+0.000147 R(F] +1.25T
0

If P<PB, BO @ P:

1.175

©

SGPG\’3
BO =0.972 +0.000147 Rs( ) +1.25T
SGo

where Rs is the solution gas, scf/stb, SGPG is the gas specific
gravity of produced gas, SGo is the oil specific gravity and T
is the reservoir temperature, ° F.

The gas formation volume factor is calculated based on the
real gas Equations of State (EoS).
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Gas formation volume factor, Bg, rb/stb

147 M

Bg = 555

|7+ 460)%]

where T is the reservoir temperature, ° F., 7 is the gas com-
pressibility factor (z=1 for a perfect gas) and P is the reservoir
pressure, psig.

The fluids’ densities are calculated from several semi-em-
pirical correlations, such as correlations known in the art by
Standing, Vasquez-Beggs and Ahmed. In a preferred embodi-
ment the correlation by Standing is used:

Oil density, p,, Ib/ft

G624 [ SCPC-00764- s (8)

it ( 5614 ]

po = i

oo 1415 ©)
°= 315 +APD

where SGPG is the gas specific gravity of produced gas, SGo
is the oil specific gravity, Rs is the solution gas, scf/stb, Bo is
the oil formation volume factor, rb/stb and API is the oil
gravity,

Gas density, p,, Ib/ft?

SGPG-0.0764
Pg = T

10

where SGPG is the gas specific gravity of produced gas and
Bg is the gas formation volume factor, rb/stb.

Once the PVT relations have been formulated, the gas
bubble rise velocity is determined at step S106. In a two phase
system (liquid and gas) the gas bubble rise velocity is deter-
mined by a number of factors such as size of the bubble, the
viscosity of the continuous phase (liquid), the Reynolds’s
number, Re',, of the bubble. As the value of Re', increases in
various ranges, the shape of the bubble will change from a
sphere with no circulation, a sphere with the gas circulating
due to drag at the gas/liquid interface, and oblate spheroid, to
an irregular mushroom-shape.

During shut-in, the gas in the well travels in both “bubble
flow” and “slug flow” depending on the gas-liquid ratio which
varies with depth. In “bubble flow”, where the gas hold-up is
low at the bottom of the shut-in well; the gas is distributed in
the liquid in bubbles. As the gas hold-up increases towards the
wellhead, the gas bubbles coalesce into “slugs” and move
upward in “slug flow”.

If the gas hold-up<0.25 (bubble flow), gas bubble rise

velocity, U,, m/s, is calculated from the known Harmathy
expression:

RN (1
Ug:1.53-[g-9L-(pl—ng)}4
Pr

where g is the gravity force, 9.81 m/s®, 0, is the gas-liquid
interfacial tension, dynes/cm, p, is the liquid density, kg/m?,
and p, is the gas density, kg/m>.
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If gas hold-up>0.25 (slug flow), gas bubble rise velocity,
U,, m/s, is calculated from equation 12:

U, =035 |g-p- PP pey
Pu

where g is the gravity force, 9.81 m/s® ID is the tubing
diameter, m, p, is the liquid density, kg/m?, p, is the gas
density, kg/m>, and

(12

a3

D L (incl-xw L incl- w2
ey = sm( 30 )[ +cos(—180 ]]

where incl is the degree of well inclination from vertical as
preferably calculated from the steady-state equation.

As the gas bubble velocity is dependent on the gas bubble
size, in order to increase the accuracy of the simulation the gas
bubble size is calculated at step S108. The gas bubble size
changes according to the physical conditions within the well
and the concentration of gas in the liquid.

Inparticular it is desirable to consider if the conditions will
lead to diffusion between the gas contained within the liquid
to the gas contained within the gas bubble. It is found that a
key factor in determining the gas bubble size is the Rey-
nolds’s number which determines the properties of the flow
e.g. laminar, turbulent etc.

The calculations of gas bubble size start with an assumed
gas bubble diameter, dg, ft. The gas Reynolds number, Re', is
then calculated from:

1488.21-py- Uy -d, (14)

Hi

o

where p, is the liquid density, 1b/ft*, U, is the gas bubble rise
velocity, ft/sec, d, is the assumed gas bubble diameter, ft, and
1, is the liquid viscosity, cp.

The actual gas bubble size is then calculated from the
iteration between the gas Reynolds number and the gas
bubble size equations 15 to 18:

For region (a): 10~*<Re'<0.2 (laminar flow)

1s)

-3
dy= ——/-2-g- o) U, -
* = Sl —po V8 P Ui

For region (b): 0.2<Re'<500

(16)

P \/ﬂ,-Ug-u+0.15-(Re;)0-678]-18
£ (pg —p1)-g

For region (¢): 500<Re'<2x10°

1 ot a7
dg = -3 ng- —
8log —p1)
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For region (d): Re™2x5 (turbulent flow)

=—0075.02. -2 (18

d -
¢ ¢ glog —p1)

where p; is the liquid density, 1b/fi°, p, is the gas density,
b/, U, is the gas bubble rise velocity, ft/sec, g is the gravity
force, 32.2 ft/s?, , is the liquid viscosity, cp, and Re', is the
gas Reynolds number. Preferably the stop condition for the
iterative calculations between the Reynolds’s number and the
gas bubble size is when the assumed gas bubble diameter
converged with the calculated gas bubble diameter in its
respective flow region.

When the changes in the gas bubble size have determined,
the next step is, preferably, to calculate the bottom-hole pres-
sure build-up profile over the shut-in period.

In the preferred embodiment, to increase the accuracy of
the simulation, the bottom-hole pressure build-up profile is
required as an input to the mass transfer rate calculation. The
build-up pressure plots of Homer and Miller-Dyes-Hutchin-
son (MDH) for wells draining from completely bounded sys-
tems can be generated using the dimensionless pressure, pp,
functions. Such plots are used to calculate the change in
bottom-hole pressure with time. In the preferred embodi-
ment, the following steps are used to calculate the MDH
pressure at a given time, t, in order to produce an accurate
pressure versus time profile, though in other embodiments
other suitable methods may also be used:

1. Generate dimensionless time corresponding to area, t,, ,:

1pry, 19

A

Ipy =

where r,, is the wellbore radius, ft, and A is the reservoir area,
ft?, and t,, is the dimensionless time corresponding to well-
bore radius:

_ 0.000264z (20

ip =
pueirs,

where k is the reservoir permeability, mD, tis the shut-in time,
hour, @ is the porosity, fraction, pis the liquid viscosity, cp, ¢,
is the compressibility factor, psi™*, and r,, is the wellbore
radius, ft.

2. Obtain Matthews, Brons and Hazebroek (MBH) dimen-
sionless pressure, ppomen rom Table 1a and b. (See
FIG. 4). The pressures vary according to the profile of
the hole and the dimensionless time t,,, as calculated
above.

3. Generate dimensionless pressure applicable for both
transient and semi-steady-state flow period, pD:

1

o1 21
pp = 27ips + zlnm = 5 Poousm(ipa)

where t,,, is the dimensionless time corresponding to area,
1, is the dimensionless time corresponding to wellbore
radius, and p a5, is the MBH dimensionless pressure
corresponding to t,,,.
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4. Generate dimensionless pressure for semi-steady-state
flow, pp(tp+Aty):

ip; + Atp) = 2r(ipa,; + Al +11 24 @2
polipi ) = 2n(ipa; DA) Eﬂ(m)

where t,,,; is the dimensionless time corresponding to area
and producing time, At,,, is the dimensionless time corre-
sponding to area and shut-in time, A is the reservoir area, ft*,
¢, is the Dietz shape factor, psi™', and r,, is the wellbore
radius, ft.

5. Calculate the difference of dimensionless pressure, Ap,:

App=pp(tp+Atp)-Dpasm (23)

where py(tp+Aty) is the dimensionless pressure for semi-
steady-state flow, gnd Pouse 18 the MBH dimensionless
pressure as determined from the Table.

6. Generate build-up pressure, Py, .

App 24
Ppy = Preg = oo
Y (7.08><10’3 kh]
guBo
where P, is the reservoir pressure, psi, Ap, is the difference

of dimensionless pressure, k is the reservoir permeability,
mD, h is the reservoir thickness, ft, q is the liquid production
rate, stb/d, p is the liquid viscosity, cp, and Bo is the oil
formation volume factor, rb/stb.

The input requirement of the reservoir pressure in Equation
15 shows that the calculation procedure is iterative with the
final calculated reservoir pressure as shown in FIG. 1. At step
S126 the calculated reservoir pressure is an input of the pres-
sure build-up calculation module of step S110 in subsequent
calculations.

Once the bottom cell build-up pressure is obtained from the
pressure build-up calculation module, the remaining build-up
pressure in the rest ofthe n cells is calculated with an assumed
pressure gradient, P, at step S112:

PBU,n+1:PBU,n—(P1'Lc)

where P, is the build-up pressure at the bottom node, psi,
P, isthe assume pressure gradient, psi/ft, and L. is the vertical
cell length, ft.

The build-up pressure in all the n cells calculated from the
assumed pressure gradient at step S112 is used as an input to
determine the mass transfer rate at step S114.

The calculation of the mass transfer rate is discussed in
detail with respect to FIG. 3. The mass transfer rate between
the dissolved gas in liquid phase and the gas bubble is calcu-
lated and the change in the gas bubble properties, such as the
size and volume, are determined at step S114.

As the properties of the gas bubble change with time, the
buoyancy will also change and a calculation of the volume
balance is required taking into account the new volume of gas
after each time step. By referring to the schematic diagram of
a well discretised into numerous cells illustrated in a simple
schematic in FIG. 2:

At step S116, the new volume of gas in each cell n after the
first time step, Vg, ,, m?, can be calculated from:

2%

V8™ V&1~ VEu—ns 1, V&t i VEaissomved i1 (26)

where Vg, ,_, is the initial gas volume, m*, Vg, . isthe
volume of gas travelling upward from cell n to cell n+1, m>,
Vg, i, is the volume of gas travelling upward from cell
n-1 to cell n, m? and Vg, oseqsy is the volume of gas
dissolved, m>.
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Therefore, the volume of gas in each cell n can be deter-
mined at step S116.

At step S118 the reservoir fluid influx is calculated.

When a well is shut-in, ideally the reservoir fluid influx rate
is reduced to zero instantaneously when the producing for-
mation is in the bottom of the well. However, since the well is
shut-in at the surface, the flow from the reservoir into the well
continues until such time the fluids in the wellbore are suffi-
ciently compressed. This phenomenon is called reservoir
fluid influx. The timescale is typically ranges from minutes to
several hours depending on the nature of the fluid properties
and the capacity of the flow string. The principle of superpo-
sition in time is used to relate the reservoir influx rate at
time-step i+1, q(t, ), bbl/d (barrel per day), to the formation
properties, wellbore shut-in pressure and shut-in time.

o Ap(ii1) _
4ltin) = 4(t) + m’[pp(tp i1 —Ip;) +5]

@n

1

pplipis1 —Ip; +5)

Z [9(5:) — q(#-1)][pp(tp,; — 1pi-1)]
=

where q(t,) is the reservoir influx rate at previous time-step t,,
bbl/d, Ap(t,,,) is the reservoir and build-up pressure differ-
ence at time-step i+1, psi, pj, and t,, are the dimensionless
time and pressure calculated as in pressure build-up calcula-
tion module, s is the skin factor, and

Bou
! = 162.6——
m kh

where Bo is the oil formation volume factor, rb/stb, y is the
liquid viscosity, cp, k is the reservoir permeability, mD, and h
is the reservoir thickness, ft.

The input requirement of the reservoir pressure in the
influx equation shows that the calculation procedure is itera-
tive with the final calculated reservoir pressure as shown in
FIG. 1. At step S126 the calculated reservoir pressure is an
input of the reservoir fluid influx calculation module of step
S118 in subsequent calculations.

Once steps S116 and S118 have been performed the pres-
sure gradient throughout the well is calculated at step S120.
The pressure gradient is obtained when the gas densities of
each cell are known after the effect of mass transfer, gas
bubble rising and reservoir influx has been determined. By
determining the pressure gradient (i.e. the pressure difference
in the n cells of the well), a pressure profile for the entire
length of the well can be build.

At step S122 the difference in the assumed pressure P, and
the determined pressure P, is determined and if it found to be
greater than a tolerance value, in the preferred embodiment
0.05 psi/ft, steps S112, S114, S116 and S120 are repeated
with the calculated value of P, from the initial calculation at
step S120 being used as the assumed pressure gradient. This
iterative loop is repeated until such time the tolerance value of
P,-P, is met. In further embodiments different tolerance val-
ues may be used.

If the tolerance condition is met at step S122, the process
moves to step S124. If the process has not completed the
time-step, the simulation continues by returning to step S106,
the gas bubble rise velocity module, and the subsequent cal-
culation including the iteration of pressure gradients etc.,
being used as the inputs for the next time step. The calculation
is continued until the fluids reached equilibrium where the
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final pressure gradient throughout the whole length of the
flow path is determined. The control point is preferably the
wellhead pressure measured at the surface. The pressure
response over time at the top cell of the well should match the
wellhead pressure profile to ensure the accuracy of the calcu-
lation.

When the well has reached equilibrium and the model has
accurately modeled the transitional behaviour of the well, an
accurate determination of the reservoir pressure at shut-in can
be made. When the model shows little or no change in physi-
cal conditions over successive time steps, it is an indication
that the conditions in the well have reached equilibrium and
the modeling can stop. In the preferred embodiment the con-
dition to determine equilibrium is where the bottom-hole
shut-in pressure at step S110 is equivalent to the reservoir
pressure at step S126.

FIG. 3 is a flow diagram of the process to determine the
mass transfer rate. There is shown the steps of determining:
the concentration of solution gas at the bubble interface at
step S202 in standard cubic foot per stock tank barrel; the gas
concentration at the bubble interface at step S204 in mol per
liter; the concentration of gas in the liquid at step S206 in
standard cubic foot per stock tank barrel; the gas concentra-
tion in the liquid at step S208 in mol per liter; a gas concen-
tration difference at step S210; the molar flux at step S212; the
number of dissolved gas moles at step S216; the new value of
number of gas moles in the liquid at step S216; the new
concentration of solution gas in the liquid at step S218; deter-
mining the initial properties of the bubble at step S220; the
remaining gas moles after transfer at step S222; the new gas
mass at step S224; the new gas formation volume factor at
step S226; the new gas density at step S228; the new bubble
volume at step S230 and the new bubble diameter at step
S232.

Therefore, the step of determining the mass transfer rate at
step S114 requires the calculation of the number of moles of
gas transferred from the liquid into the gas bubble at a given
time. The change in gas volume is proportional to the change
in mass and therefore allows for the calculation of the mass
transfer rate between the gas bubble and the liquid.

At step S202 the solution gas at the bubble interface is
given by:

Rs = SGPG[(P%/)100.0123AP170.00091T]I'ZOS 29

where SGPG is the gas specific gravity of produced gas, Py,
is the build-up pressure, psig, AP1 is the oil gravity, °, and T is
the reservoir temperature, ° F.

The gas molar volume for 1 mole of ideal gas is 22.4 dm>
at standard condition (1 atm and 273.15 Kelvins). Therefore
the amount of molar gas residing in the gas bubble interface/
film from the solution gas, Rs can be determined. This molar
gas is converted into gas concentration, Ci (mole/L) after the
unit conversion (from scf/stb) and gas volume adjustment to
the standard condition at 60° F. and 1 atm. Thus at step S204
the gas concentration at bubble interface, Ci, mol/ltr is given
by:

. § 1 273
Cz:Rs-m-(m-M)

(B0

where Rs is the solution gas at bubble interface, scf/stb, 1 scf
is equivalent to 28.3 liter, 1 stb is equivalent to 159 liter,
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chemical standard condition is at 1 atm, 273 K, and oil and gas
standard condition is at 1 atm, 288K.

Atsteps S206 and S208 similar calculations are required to
calculate the properties of the dissolved gas in liquid. At step
S206 the solution gas in the liquid is given by Solution gas in
liquid, Rliq, scf/stb

Rlig = SGPG[(%)100.0123API—0.00091T]LZOS &)

where SGPG is the gas specific gravity of produced gas, P is
the current pressure, psig, APl is the oil gravity, °, and T is the
reservoir temperature, ° F.

At step S208 the gas concentration in the liquid is given by:
Gas concentration in liquid, Cliq, mol/Itr

283 ;1 273 (32)
(523 355

Clig = Rlig- == i
="M 7551372 288

where Rliq is the solution gas in liquid, scf/stb, 1 scf is
equivalent to 28.3 liter, 1 stb is equivalent to 159 liter, chemi-
cal standard condition is at 1 atm, 273 K, and oil and gas
standard, condition is at 1 atm, 288K.

The differences in the concentration of the gases in the
liquid and the bubble will result in mass transfer between the
two states. The Gas concentration difference, AC, mol/ltr
calculated at step S210 is given by:

AC=Ci-Clig 33)

where Ci is the gas concentration at bubble interface, mol/ltr,
and Cliq is the gas concentration in liquid, mol/ltr.

At step S212 the molar flux is calculated. In the preferred
embodiment the molar flux is then calculated based on the
film theory. Film theory assumes the mass transfer system is
at steady-state condition, which is with no convection or
turbulence at the interface where the mass transfer occurs. It
is expressed as Molar flux, J, kg mole/m> se:

AC
J=Das- =

(B4

where D, is the gas-liquid diffusion coefficient, m*/sec, AC
is the gas concentration difference, mol/ltr, and 8 is the gas
bubble film thickness, m.

Preferably the gas-liquid diffusion coefficient, D, is an
input parameter obtain from diffusivity laboratory analysis
with the actual crude samples. Though in other embodiments
other values may be used, though this is not preferred as it is
potentially not as accurate.

Therefore steps S202 to S212 allow for the calculation of
the number of moles of gas diffused. At step S214 the calcu-
lation is applied over the surface area of the bubble allowing
for a determination of the number of moles of gas diffused
into or out of the liquid. The number of dissolved mole over a
single bubble surface area at that particular time-step is cal-
culated from:

Dissolved moles, N, ., mole

Ngiea=J AL (4117) 103 (35)

where ] is the molar flux, kg mole/m?sec, At is the time step,
sec, and r is the gas bubble diameter, m.

At steps S216 and S218 the new properties of the gas
concentration in the liquid and number of moles in the liquid
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are calculated, simply by subtracting or adding (depending on
the direction of mass transfer) the number of moles of gas, or
concentration, transferred from the initial value. These new
values are used in as the values at step S206 and S208 for an
subsequent iterations of the model.

At step S220 the initial gas bubble properties are calculated
including the volume, mass and number of moles. The gas
density from correlation at step S104 is used to convert the gas
volume to gas mass and the gas mixture molecular weight is
used to convert the gas mass to number of moles.

The remaining number of moles of gas in the form of gas
bubble is calculated at step S222, again by subtracting or
adding (depending on the direction of mass transfer) the
number of moles of gas transferred from the initial value.
Likewise for the gas mass at step S224, gas formation value
factor at step S226, gas density S228, bubble volume S230
and bubble diameter S232.

Therefore, the invention allows for the accurate simulation
of the phase transition that occurs during well shut-in by
considering important factors such as mass transfer from the
bubble to liquid or from the liquid to the bubble, the non-
instantaneous nature of the transition and the reservoir influx,
a more accurate transient well modeling to obtain the reser-
voir pressure can be made.

FIG. 5 shows a schematic diagram of the apparatus used in
the modeling of the well during shut-in. There is shown a
computer 10 comprising: a module which contains the mod-
eling program 12; a RAM 14; a ROM 16; and a processor 18.
There is also shown the well being modeled 20 and a gauge
measuring the head pressure 22.

In FIG. 5 there is shown the program being run on a single
known computer, such as a desktop of laptop, though in
further embodiments the program may be run across a net-
work of computers, or on a server.

The computer contains known elements such as ROM 16,
RAM 14 a processor 18 etc. In the preferred embodiment, the
computer 10 is in communication with a pressure gauge that
measures the well head pressure 22 of the well being modeled
20. This allows the results of the model to be compared with
the actual pressure data to ensure the accuracy of the model.

The invention claimed is:

1. A computer implemented method for determining a
reservoir pressure in a shut-in well, the method comprising:
determining initial physical characteristics of the well;
determining properties of a gas bubble throughout the well;
calculating a dynamic mass transfer rate for the gas bubble

over a period of time;

calculating physical fluid movement along the well;

calculating a rate of fluid influx from the reservoir;

determining a pressure gradient along at least part, or all, of
the profile of the well using the dynamic mass transfer
rate, physical fluid movement, and rate of fluid influx;
and

determining the reservoir pressure from a measure, or

determination, of the well head pressure and the pressure
gradient.

2. The method according to claim 1, further comprising
determining a bottom-hole pressure build-up as a function of
well shape.

3. The method according to claim 2, wherein the bottom-
hole pressure build-up is calculated by:

determining a dimensionless pressure value that is based

on the shape of the well; and

determining a build-up pressure value based on the reser-

voir pressure and the dimensionless pressure value.
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4. The method according to claim 3, wherein the dimen-
sionless pressure value is determined as a Matthews, Brons,
and Hazebroek value according to the shape of the hole.

5. The method according to claim 4, wherein the dimen-
sionless pressure value is determined by

1 4A
pplipi + Atp) = 2r(ipa,; + Atpa) + zlﬂ(m]

where t,, is the dimensionless time corresponding to area
and producing time, At , is the dimensionless time cor-
responding to area and shut-in time, A is the reservoir
area, ft2, C, is the Dietz shape factor, psi~*, and r,,, is the
wellbore radius, ft.
6. The method according to claim 3, wherein the bottom-
hole pressure build-up is determined by

App
Pou = Pres = ot
v (7.08>< 102 kh]
guBo
where P, is the reservoir pressure, psi, Ap, is the differ-

ence of dimensionless pressure, k is the reservoir per-
meability, mD, h is the reservoir thickness, ft, q is the
liquid production rate, stb/d, p is the liquid viscosity, cp,
and Bo is the oil formation volume factor, rb/stb.

7. The method according to claim 1, further comprising:

dividing the well into a plurality of n cells;

determining initial relations between pressure, volume,

and temperature for the well; and

iteratively repeating the steps of determining the pressure

gradient until such time that a condition, such as equi-
librium, is met.

8. The method according to claim 1, wherein the rate of
fluid influx from the reservoir is the difference between the
reservoir pressure and the bottom-hole build-up pressure.

9. The method according to claim 1, wherein the determi-
nation of the dynamic mass transfer rate further comprises for
an n cell the steps of:

determining the change in volume of the gas bubble as a

result of diffusion of gas into, and out of, the liquid; and

converting the determined change in gas volume to a

change in gas mass.

10. The method according to claim 9, wherein the deter-
mination of the initial volume of the gas bubble is as a result
of a previous calculation.

11. The method according to claim 9, wherein the change
in volume is calculated by:

determining the concentration of dissolved gas in the liquid

and the gas at the bubble interface;

calculating a concentration gradient between the dissolved

gas in the liquid and the gas at the bubble interface and
the resulting molar flux; and

calculating the change in volume as a result of the number

of moles of gas diffused into or out of the liquid as a
measure of the molar flux and surface area of the bubble.

12. The method according to claim 1, wherein the deter-
mination of the dynamic mass transfer rate is based on the gas
concentration gradient between the liquid and gas in the well.

13. The method according to claim 12, wherein the deter-
mination of the gas concentration gradient at a bubble inter-
face is determined from
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i . 283 ( 1 273)
"= 159 \224 388

where Rs is the solution gas at bubble interface, scf/stb, 1 scf
is equivalent to 28.3 liter, 1 stb is equivalent to 159 liter,
chemical standard conditionis at 1 atm, 273 K, and oil and gas
standard condition is at 1 atm, 288K.

14. The method according to claim 12, wherein the deter-
mination of the gas concentration gradient in a liquid is deter-
mined from

Clig=Rlig- — -

283 ;1
159 (

273)
224 288

where Rliq is the solution gas in liquid, scf/stb, 1 scf is
equivalent to 28.3 liter, 1 stb is equivalent to 159 liter, chemi-
cal standard condition is at 1 atm, 273 K, and oil and gas
standard condition is at 1 atm, 288K.

15. The method according to claim 12, wherein the deter-
mination of the gas concentration gradient of the dissolved
gas in the liquid and the gas at the bubble interface is deter-
mined from AC=Ci-Cliq where Ci is the gas concentration at
bubble interface, mol/ltr, and Cliq is the gas concentration in
liquid, mol/Itr.

16. The method according to claim 12, wherein the deter-
mination of the gas concentration gradient is determined from

AC
I =D

where J is the molar flux, D,z is the gas-liquid diffusion
coefficient, m*/sec, AC is the gas concentration difference,
mol/Itr, and 9 is the gas bubble film thickness, m.

17. The method according to claim 1, wherein the dynamic
mass transfer rate is determined as the number of moles of gas
diffused into or out of the liquid.

18. The method according to claim 17, wherein the number
of moles of diffused gas is determined from N =J-At-
(4I1r*)-10® where J is the molar flux, kg mole/m? sec, Atis the
time step, sec, and r is the gas bubble diameter, m.

19. The method according to claim 1, wherein the rate of
fluid influx from the reservoir is determined as

o Ap(tis1) _
altin) = 4(t) + m [pp(tp i1 —Ip;) +5]

L i
e ; [g(:) — q(#-)][pplip,; — tpi-1)]

Pplipi+1 —Ipj

where q(t,) is the reservoir influx rate at previous time-step
t;, bbl/d, Ap(t,, ) is the reservoir and build-up pressure
difference at time-step i+1, psi, p,, and t,, are the dimen-
sionless time and pressure calculated as in pressure
build-up calculation module; s is the skin factor, and

Bou
! =162.6——
m kh
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where Bo is the oil formation volume factor, rb/stb, pt is the
liquid viscosity, cp, k is the reservoir permeability, mD,
and h is the reservoir thickness, ft.
20. The method according to claim 1, wherein determining
the properties of a gas bubble includes a determination of a 5
gas volume balance determined from

Vg™ V&1~ VEu—ns 1t V&t —n i~ VEaissomed i1

where Vg, ,_, is the initial gas volume, m> Vg, ..., ;is the
volume of gas travelling upward from cell n to cell n+1,
m? Vg, | ., is the volume of gas travelling upward
from cell n-1 to cell n, m*, and Vg ... 441 18 the
volume of gas dissolved, m®.
21. A non-transitory computer readable media containing
computer executable instructions which when loaded upona 15
computer provides a method according to claim 1.
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